Abstract: Increasing traffic in mobile ad hoc networks (MANETs) demands high bandwidth. Mobility of communicating nodes is another crucial concern for such type of networks. Providing successful end to end communication in mobile ad hoc networks is a challenging task. In this paper, we aim at providing a bandwidth aware multipath reactive routing protocol for mobile ad hoc networks. The proposed protocol is an extension of ad hoc on demand multipath distance vector (AOMDV) routing protocol for mobile ad hoc networks. The proposed protocol, named as BAMR, attempts to discover paths with sufficient bandwidth and less link failures. The performance comparison of BAMR routing protocol is done with AOMDV and BAOMDV, an another bandwidth aware on demand multipath distance vector routing protocol for MANETs. Simulation results exhibit that proposed protocol BAMR significantly improves the performance of other two routing protocols and can be used more effectively for data transmissions in MANETs.
Introduction
A mobile ad hoc network (MANET) is a collection of wireless nodes that self-organised to form a network (Zhang et al., 2006) . This network does not rely on any infrastructure and nodes communicate with each other in a peer-to-peer fashion. Such type of network is highly useful in disasters relief operation -for communication in environments where the existing infrastructure is destroyed or left inoperable, military tactical operations -for fast and possibly short term establishment of military communications for troop deployments in hostile and/or unknown environments and law enforcement operationsfor secure and fast communication during law enforcement operations.
Mobile nodes in ad hoc networks move freely and have limited battery life. The nodes have limited transmission range hence they generally communicate with each other through intermediate mobile nodes. Multimedia transactions related applications in MANETs require sufficient bandwidth. Compared with the traditional networks, MANETs suffer from the resource constraints in bandwidth, computational capacities and energy. These characteristics make routing in MANETs a very challenging task.
In MANETs, often the source and the destination are beyond the direct transmission/reception range of each other. However, the lack of direct transmission/reception does not rule out the establishment of communication (Tavil and Heinzelman, 2006) . Routing is the process of selecting paths from source node to destination node in a network along which traffic is to be transmitted. In some scenarios, the routing maintenance overhead may consume so much resource that it seriously compromises long term efficiency (Wannawilai and Sathitwiriyawong, 2010) .
In this paper, we attempt to modify ad hoc on demand multipath distance vector (AOMDV) (Marina and Das, 2006) routing protocol for MANETs to enhance its performance. AOMDV works in two phases -first phase is devoted to route discovery whereas second phase deals with route maintenance. We propose bandwidth aware multipath reactive routing protocol, named as BAMR, which considers the link bandwidth and link failure rate during the route discovery process. We used ETT route metric (Draves et al., 2004) to improve AMODV. An ETT is a measure of expected transmission time (ETT) of a packet over the link. ETT assigns weights to individual links and is a function of the link loss rate and the bandwidth of the link (Draves et al., 2004) . We calculated ETT for each link and then ETT for each end-to-end path is calculated. Path-ETT values are arranged in non-descending order to form a path-set. Whenever data packets are to be transmitted in the network a path is selected from the path-set for data transmission. The performance comparison of proposed routing protocol BAMR is done with AOMDV and bandwidth aware on demand multipath distance vector (BAOMDV), an another BAOMDV routing protocol for MANETs.
The paper is organised as follows: related works is presented in Section 2, Section 3 describes proposed work, Section 4 is devoted to performance evaluation and comparison, and Section 5 gives conclusion.
Related work
In recent years, many researchers have strived to improve the performance of MANET. On demand multi-path routing approach is believed to achieve better performance than the single path routing (Mueller et al., 2004 ) and a number of solutions for multi-path routing in ad hoc networks have been reported (Marina and Das, 2006; Lee and Gerla, 2001; Li and Cuthbert, 2004) . In these protocols, the alternate paths are computed during route discovery and are rarely maintained during the course of data transfer. Thus, the paths could become outdated by the time they are actually utilised. These routing protocols usually use the hop count as the metric which often leads to less capacity than the existing best path (De Couto et al., 2002) . The path with the shortest hop count is chosen as the primary path while other paths are used only when the primary path breaks.
Routing metrics play an important role in routing protocols as route discovery and route selection depend on routing metrics. Therefore, routing metrics are very critical for determining the performance of the networks. A good routing metric should find paths with links that have high data transmission rate, low loss ratio, low level of interference and less congestion. Several routing metrics have been proposed for multi-hop MANETs and wireless mesh networks. Weighted cumulative expected transmission time (WCETT) (Draves et al., 2004) , Hop-count (Hannan et al., 2003) , expected transmission count (ETX) (De Couto et al., 2005) , and ETT are some of the routing metrics reported in literature. More route metrics can be found in Chakrabarti and Mishra (2004) , Hannan et al. (2003) and Mahajan et al. (2015) .
AOMDV routing protocol is an extension to the AODV (Perkins and Royer, 1999) routing protocol, and it computes multiple loop-free and link/node disjoint paths in a single discovery process between source and destination. BAMODV is an extension to AOMDV routing protocol, in which the channel bandwidth is considered to improve the network performance (Sharma and Kumar, 2014) . The route discovery of BAOMDV constructs multiple bandwidth aware paths between a source and destination. The source node is able to learn the bandwidth of the multiple paths during the route discovery by using the maximum-minimum approach to measure the quality of the path.
The link quality-based multipath scalable proactive routing protocol LQM (Prasad and Bhatia, 2016) uses ETT route metric to find a bandwidth aware path in network. LQM periodically updates the routing table for all destinations which incurs routing overhead. There are several proposals that use multipath and bandwidth aware routing (Zhang et al., 2006; Wannawilai and Sathitwiriyawong, 2010; Marina and Das, 2006; Kong, 2013; Alimi et al., 2013; Frías et al., 2006; Sivaraman and Sivaraman, 2016; Sharma and Kumar, 2014; Mao et al., 2005) but most of them only focus on a single parameter (e.g., bandwidth). The proposed protocol BAMR requires less information for estimation of link failure rate and finds bandwidth aware paths in network for communication. To estimation of link failure rate, BMAR uses only two probe packets known as forward delivery ratio and reverse delivery ratio. Further, link failure rate estimation of BAMR protocol is discussed in Section 3.
Proposed work
The AOMDV routing protocol finds loop-free and node disjoint alternative paths in a single route discovery process between source and destination. The channel bandwidth is utilised in order to improve the communication performance of network. We propose an extension of AOMDV routing protocol called BAMR routing protocol, which measures the available bandwidth and link failure rate of paths during the route discovery process. In BAMR protocol, the route request packet (RREQ), route reply packet (RREP), neighbour table and routing table entry structure of AOMDV are modified. We introduce a new field, called the weight-field, which provides the information about the bandwidth and link loss rate. We have adopted AOMDV as base algorithm and applied ETT metric to calculate bandwidth and link loss rate in terms of transmission time.
In our proposed work, when network is initialised then each node in the network sends a probe message to neighbour nodes in given window time and collects link information like forward delivery ratio (d ) is the measured probability that a data packet successfully arrives at the recipient and the reverse delivery ratio (d r ) is the probability that the ACK packet is successfully received. We consider a packet transmission as a Bernoulli trial (success or fail), the link loss rate estimation (also known as ETX) is determined by the probability of packet loss (Bindal et al., 2016) . This probability is computed as follows:
The metric ETT is enhanced ETX as it incorporates bandwidth information content in it. ETT, the expected time spent in transmitting the packet on a link, is obtained by multiplying the ETX with effective bandwidth B e (Draves et al., 2004) . B e , in turn, is obtained by dividing the packet size P s by the bandwidth B of the link. Thus, ETT of a packet on that link is given by:
As a single iteration is not sufficient for good estimation of ETT a better estimation of ETT can be achieved by adopting exponentially weighted moving average (EWMA) (NIST/SEMATECH, 2013). For long term estimation of ETT ( )
the result is averaged with an EWMA at time t. This is given by:
where ETT t-1 is previous estimation of ETT. The coefficient λ (0 ≤ λ ≤ 1) influences the sensitivity of the estimator. Choosing a small λ value is advisable to achieve long term estimation (chosen λ = 0.94) (NIST/SEMATECH, 2013). After reception of a probe message reply, source will compute ETT for each link (neighbour). The neighbour table stores the computed ETT for each link. These ETT values are used in assigning weights to the paths by using Max-Min approach and thereby in the path selection for data transmission.
Proposed algorithm
The route discovery and route maintenance strategies adopted in the proposed routing protocol BAMR are given below.
Route discovery algorithm
When a source node S has to send a data packet to destination node D, then
S checks whether a valid path to D is available in its routing table. a if path is available, then
• S transmits the packet on this path b Else • S adds assigned weight (ETT) in weight-field of RREQ packet
• S broadcasts RREQ in network till RREQ packet reaches D.
2 When destination node D receives RREQ packet, then a D compares own weight (calculated by ETT) with received packet RREQ's ETT weight b minimum weight is selected and stored in RREP packet weight-field c D sends this RREP packet in response to the RREQ packet to the source node.
3 Whenever a previous node P (not source node S) receives RREP packet, then a P compares received RREP's ETT weight with its own calculated ETT weight b minimum weight is selected and stored in RREP packet ETT weight-field c P forwards the RREP packet towards source node.
5 If source node S receives multiple RREPs (paths), then a S compares the current path weight with received path weight b if received path weight is smaller, then • S replaces the current path with received path
• S stores current path as backup path c Else • S stores received path as backup path.
Route maintenance algorithm
During the data packet transmission 1 If current path fails, then a S executes the minimum weighted backup path from the routing table.
2 If there is no backup path, then a S begins rerouting process.
Performance evaluation and comparison
Following metrics are considered for performance evaluation of the proposed protocol BAMR and its comparison with AOMDV and BAOMDV:
• Packet loss percentage -percentage of data packets dropped in the network either at the source or at intermediate nodes.
• Average end-to-end delay -the average time spent in data packet transmission from source to destination including all possible types of delay during the transmission such as the delay caused due to buffering during route discovery, queuing delay at the network interface, retransmission delays at the MAC, propagation and transfer times.
• Route discovery frequency -the aggregate number of route requests generated by all sources per second.
• Routing overhead -the total number of routing packets transmitted per second. Each hop-wise transmission of a routing packet is counted as one transmission.
Simulation environment
The performance of BAMR routing protocol is evaluated using NS-2.35 (NS-2, 2011). The simulation experiments are carried out using Linux (Ubuntu) Operating System. We consider 200 nodes network in a square field of dimensions 1,000 m × 1,000 m. The nodes are initially placed uniformly at random in the field. The random waypoint mobility model (Broch et al., 1998 ) is used to simulate node movements. Traffic pattern consists of several CBR/ UDP connections between randomly chosen source-destination pairs. Simulations runs were carried for 1,000s varying the number of connections from 20 to 120. Simulation parameters are depicted in Table 1 . 
Simulation results and discussion
In simulation setup, we vary the number of connections while fixing the mean speed and the offered load. For a constant rate of link failures and constant offered load, increasing the number of connections in network will spread the same amount of traffic among several connections between source-destination pairs. This demands a routing protocol to maintain routes between more numbers of source-destination pairs, thus stressing the protocol. The considered performance metrics as a function of the number of connections are shown in Figures 1(a) to 1(d) .
The packet loss percentage versus number of connections for BAMR, BAOMDV and AOMDV are shown in Figure 1(a) . BAMR and BAOMDV provide bandwidth aware paths resulting in lesser packet loss as compared to AOMDV. Further, BAMR also takes care of the link failure rate during route discovery process. This attributes towards better performance of BAMR as compared to AOMDV and BAOMDV. Figure 1 (b) provides the simulation results of route discovery frequency of routing protocols under study. The proposed protocol BAMR emphasises on two prime factors-link failure rate and the link bandwidth while BAOMDV considers link bandwidth only whereas AOMDV does not have such type of mechanism in its route discovery process. This results into reduction in frequency of route discovery process in BAMR as compared to other two protocols.
The study of average delay versus number of connections for three protocols is depicted in Figure 1(c) . Two main reasons for delay are link failure (loss) and congestion. Bandwidth has a significant impact on congestion. In proposed routing protocol, we have incorporated ETT route metric which considers link loss and bandwidth. As a result BAMR outperforms the other two protocols. The average delay for AOMDV is maximum because this protocol selects shortest path which does not necessarily give the assurance of congestion free link. BAOMDV exhibits performance lying in between the other two protocols. Figure 1(d) shows the results of routing overhead of BAMR, BAMODV and AOMDV routing protocols for varying number of connections. In multipath routing protocol, when a current path fails then protocol executes the backup (secondary) path. If there is no backup path available in the routing table of source node then protocol behaves like single path routing protocol. In this situation, reroute discovery process is initiated resulting into an increase in routing overhead. BAMR calculates the link failure rate during the route discovery process and estimates the probability of link failure. In case of availability of backup path(s), if a path has higher failure probability, it is not selected for data transmission. Selection of path with lower failure probability assures reduction in routing overhead. Thus, BAMR, by virtue of its ability of employing paths with lower failure probability, produces lowest routing overhead as compared to BAOMDV and AOMDV. It is observed that the performance of all three protocols degrades with increasing number of connections. With smaller number of connections, the performance deviation of BAMR, BAOMDV and AOMDV is not significant. However, with rise in the number of connections the proposed protocol BAMR outperforms both other protocols.
Conclusions
In this paper, we have presented a bandwidth aware multipath reactive routing protocol named as BAMR which is an enrichment of AOMDV. We have incorporated ETT for providing bandwidth aware paths in AOMDV. The proposed protocol BAMR establishes a better route for data transmission. The performance of BAMR is compared with those of AOMDV and another available bandwidth aware multipath routing protocol BAOMDV. It is found that BAMR significantly increases network performance for moderate to heavy loads. It is observed that our protocol outperforms AOMDV and BAOMDV protocols in all the considered simulation scenarios and can be used more efficiently for data transmissions in MANETs.
